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Abstract South Atlantic Ocean middepth water property (temperature, salinity, oxygen, nutrients, etc.)
distributions are set by salty, well-ventilated, and relatively nutrient-poor North Atlantic Deep Water
(NADW) spreading southward toward the Southern Ocean underneath fresher, well-ventilated, and
relatively nutrient-poor northward spreading Antarctic Intermediate Water (AAIW). The layer between the
NADW and AAIW is oxygen-poor and nutrient-rich, with small vertical temperature gradients. Salinity
stratification dominates the vertical density gradient, hence the layer is referred to as Salinity Stratified Layer
(SSL). Decadal warming (0.044 8C decade21) and freshening (0.006 g kg21 decade21) of this layer are
analyzed using Argo data, a climatology, and repeat hydrographic sections. Warming within the SSL
accumulates heat at a rate of �20 TW, is unlikely to be caused by vertical heave, and is consistent with
anomalous southward advection of order 102 km decade21 in the Atlantic Meridional Overturning
Circulation. Salinity changes within the SSL are consistent with a downward velocity anomaly of order 10 m
decade21.

1. Introduction

Ocean warming in the Southern Hemisphere (SH) over the past few decades is prominent in both observa-
tions [Gille, 2008; Sutton and Roemmich, 2011; Roemmich et al., 2015; Wijffels et al., 2016] and model results
[Durack et al., 2014]. This warming provides the largest contribution to global ocean heat content changes,
in part due to the larger volume of water in the SH compared to its northern counterpart [Durack et al.,
2014]. However, observations in the SH have been historically sparse until the advent of Argo profiling floats
[Riser et al., 2016] and earlier estimates of SH ocean heat uptake are likely biased low [Durack et al., 2014].

Ocean heat uptake is key to understanding how Earth’s climate is evolving [Rhein et al., 2013], with ocean
circulation regulating heat redistribution in the climate system [Talley, 2003]. A maximum in ocean warming
is observed at 408S, near the center of the subtropical gyres’ deep portion in the three oceans [Roemmich
et al., 2015]. This heat gain is consistent with subduction of heat by the mean circulation and a continued
strengthening of the subtropical gyres [Roemmich et al., 2007] arising from changes in the pattern and
strength of midlatitude westerly winds. Also, the vertical structure of ocean warming in the 500–2000 m
range shows a broad maximum between 700 and 1400 m [Roemmich et al., 2015], corresponding to warm-
ing intermediate water layers [Schmidtko and Johnson, 2012]. These waters form at high southern latitudes,
subduct, and carry their temperature and salinity (H – SA) properties equatorward, through the subtropical
gyre interior.

The South Atlantic is one of the regions where ocean warming has been underestimated, especially previ-
ous to the Argo program [Durack and Wijffels, 2010; Durack et al., 2014]. Even coverage of Argo profiling
floats is sparser there compared to other ocean basins [Riser et al., 2016]. Yet the South Atlantic circulation
includes subtropical and sub polar gyres, a portion of the Antarctic Circumpolar Current (ACC), and the
North Atlantic and Antarctic branches of the Meridional Overturning Circulation (MOC). It also plays an
important role in heat redistribution in the climate system [Talley, 2003]. Distributions of middepth water
properties in the South Atlantic Ocean [Tsuchiya et al., 1994] are different from those of the South Indian
and South Pacific oceans, due to salty North Atlantic Deep Water (NADW) spreading southward toward the
Southern Ocean (SO) underneath fresher Antarctic Intermediate Water (AAIW), spreading northward from
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the SO. The layer between the NADW and AAIW is weakly ventilated, hence oxygen-poor, and nutrient-rich.
It can be characterized by vertical temperature gradients much weaker than its vertical salinity gradients,
making it an interesting place to diagnose warming trends. This layer includes Upper Circumpolar Water
(UCPW) south of �228S [Tsuchiya et al., 1994].

Here we describe the mean and time-varying H–SA properties of this layer in the South Atlantic Ocean at
depths greater than 500 m. We use Argo observations, a World Ocean Circulation Experiment (WOCE) clima-
tology, and repeat hydrographic section data. We also discuss how ocean circulation changes may relate to
the observed warming signal. Section 2 describes the data and section 3 the methods. SSL time mean prop-
erties are presented in section 4.1, while SSL H–SA variability from Argo and hydrographic section data are
in section 4.2. Section 5 presents the summary and conclusions.

2. Data

We use the WOCE Global Hydrographic Climatology [Gouretski and Koltermann, 2004] to define the layer
of interest. This climatology consists of optimally analyzed gridded fields of temperature, salinity, dis-
solved oxygen, and nutrients with 0.58 spatial resolution (Figure 1). It is based on in-situ observations of
the global ocean between 1990 and 1998, with selected data from several earlier cruises included as
well.

Argo temperature and salinity profiles provide global in situ (0–2000 db) ocean observations north of about
608S, with unprecedented sampling of the South Atlantic [Roemmich et al., 2009]. We use objectively
mapped monthly fields [Roemmich and Gilson, 2009] on a 1 3 1 degree grid, constructed from Argo H–SA

observations during 2006–2015, after quality control and adjustment of pressure bias.

We use hydrographic data collected from ships in the past four decades to estimate long-term H–SA trends
along the path of WOCE sections (Figure 2) A10 (occupied in 1993, 2003, 2011), A13.5 (occupied in 1983/
1984 and 2010), and A16 (occupied in 1989, 2005, and 2014).

Figure 1. WOCE climatology section along 22.58W in the South Atlantic Ocean. (a) Conservative temperature (8C), (b) Absolute salinity (g kg21), (c) Oxygen (ml l21), (d) Silicic–acid (l mol
kg21), (e) Nitrate (l mol kg21), and (f) Potential Density (kg m23). Thick black contours indicate zero Turner angle and are partially overlayed by the gray dashed line which bounds the
Salinity Stratified Layer (SSL) north of the Polar Front (southern side of black box), and below the 500 m isobath (top side of black box).
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3. Methods

The layer of interest (hereafter the SSL, for
Salinity Stratified Layer) is located in the
South Atlantic, at depths greater than 500 m,
and is characterized by small vertical gradients
in temperature (Figure 1a). We define the SSL
using the WOCE climatology (Figure 1) as the
region with negative Turner angle [Ruddick,
1983] that is north of the ACC Polar Front
[Giglio and Johnson, 2015] and deeper
than500 m. The Turner angle is defined as
Tu5tan 21 a @H

@z 2b @SA
@z ; a

@H
@z 1b @SA

@z

� �
[Ruddick,

1983; McDougall et al., 1988], with a and b the
thermal expansion and the saline contraction
coefficients, respectively. A negative Turner
angle indicates a smaller contribution to the
buoyancy frequency from the conservative
temperature (H) vertical gradient than from
the absolute salinity (SA) vertical gradient.
Hence, within the SSL the vertical gradient of
salinity dominates the buoyancy frequency (i.e.,
the density stratification, Figures 1a, 1b, and 1f).

SSL variability is quantified in the following
analysis based on H and SA trends. Uncer-
tainties of spatially averaged trends are com-
puted as standard errors, i.e., �5 rffiffi

n
p , with r

the standard deviation, and n the number of
independent grid points in the average. For
instance, when averaging trends in the 3D
SSL, only areas of 10 points in longitude by 5
points in latitude are considered to be inde-
pendent. SSL heat and freshwater changes
are also considered in the following, and cal-
culations are based on a fixed SSL volume
estimated using the WOCE climatology.

4. Results

4.1. SSL Time Mean Properties
The SSL is weakly ventilated, hence oxygen-
poor (Figure 1c) and nutrient-rich (Figure 1d,
1e), and is further characterized by small vertical
gradients in temperature (Figure 1a, section 3).
The SSL shows the greatest thickness (�1700
dbar) and depths in the subtropical gyre (30 –
358S at 35 – 88W, Figure 2a), with its upper
boundary shoaling to the south, and extends as
far north as 158N in the western part of the
South Atlantic. The SSL is thicker than 1000 m
in the latitude band 50 – 408S, where its upper
boundary is shallower than 1000 m.

South of �228S, the main water mass within
the SSL is UCPW [Tsuchiya et al., 1994], an

Figure 2. (a) Depth of the SSL upper boundary (m, gray scale) and SSL
thickness (m, colored contours). Linear trends for vertically averaged
(b) conservative temperature (8C decade21) and (c) absolute salinity
(g kg21 decade21) from Argo data, for the SSL. Values that are not
significantly different from zero are stippled. Zero contour is in black.
Black lines indicate hydrographic section locations, referred to using
WOCE conventions as A10, A16, A13 from west to east.
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old, poorly ventilated mixture of several different water masses (AAIW, NADW, AABW, Pacific and Indian
Deep Waters, etc.). The oxygen minimum associated with UCPW reaches the South Atlantic from the Pacific
Ocean through Drake Passage [Callahan, 1972; Gordon and Molinelli, 1982; Peterson and Whitworth, 1989]
and lies below the oxygen maximum of the AAIW. Oxygen concentrations within the minimum are lowest
south of 408S, increasing northward to 308S from mixing with the overlying and underlying waters in the
subtropical gyre [Tsuchiya et al., 1994]. North of 228S, the oxygen-poor water within the SSL is part of the
equatorial oxygen minimum and comes from the eastern South Atlantic [Reid, 1989]. A silicic–acid maxi-
mum is found at nearly the same depths as the oxygen minimum starting at the Polar Front and extending
northward [Tsuchiya et al., 1994]. However, the density of this maximum shifts lighter suddenly around 228S
as a result of eastward flow of nutrient-poor NADW [Talley and Johnson, 1994]. As a result of this shift, the
silicic-acid maximum is near the core of the AAIW (and not UCPW) north of 228S [Tsuchiya et al., 1994]. At the
silicic-acid maximum, conservative temperature is highly uniform both horizontally and vertically (�2.68C,
Figures 1a and 1d) [Tsuchiya et al., 1994]. Waters with similar characteristics are present in a large amount in
the South Pacific [Montgomery, 1959] and may originate there [Tsuchiya et al., 1994]. To the north and south
of this uniform region (and in general within the SSL) vertical gradients of conservative temperature remain
weak. However, there are substantial meridional gradients of conservative temperature within the SSL.

4.2. SSL Warming and Freshening
An ocean basin-wide warming trend with a mean value of 0.044 60.001 8C decade21 is observed within
the SSL during 2006–2015 from Argo (Figure 2b), with a stronger signal in the south part of the basin. Tem-
perature variability in the SSL is very well described by a linear trend that weakens somewhat with increas-
ing depth (supporting information Figure S1). Freshening at a mean rate of 0.006 6 0.0003 g kg21

decade21 is also observed since 2006 and above 2000 dbar (within the SSL, Figure 2c), with stronger signals
in the south tropics and in the southwest portion of the SSL region. Increasing salinity is observed in the
west tropical region equatorward of �108 latitude and in the east, south of �308S (Figure 2c and supporting
information Figure S2b). Interannual variability is strong in the SSL salinity time series (Figure S1b).

The Argo array measures as deep as 2000 dbar, hence shallower than the SSL in some regions of the South
Atlantic (Figures 2a and 3). However, hydrographic data along a few decadally reoccupied sections that
cross the SSL (Figure 2b) show that the warming has persisted throughout the SSL for the past few decades
including below the present 2000–dbar pressure limit of Argo (Figures 3c, 4a, and 4d, for pressure levels
deeper than �1000 dbar; similar and not shown for the A10 and A13 sections). The freshening observed
during Argo does not appear to extend back to the 1980s (Figure 3b versus Figures 3d and Figure 4b; not
shown for the A10 and A13 sections), although interannual salinity variations in the SSL may be aliased by
the section sampling. Nonetheless, trends from hydrography are consistent with Argo results of decreasing
salinity if we only use post-2003 hydrographic data (Figure 4e). Post-2003, section A16 was occupied fully
only in 2005 and 2014. Yet as these sections afford averaging spatially over many mesoscale eddies, the
results tend to be robust. Furthermore, the consistency of the comparison with Argo reinforces the repeat
hydrography results.

The SSL warming (and hence, by definition, salinification) is observed also on isopycnals within the SSL
(Figures 4c, 4f, 4g, and 4h, for pressure levels deeper than �1000 dbar and isopycnals denser than
�27.3 kg/m3).

5. Summary and Discussion

The SSL is an oxygen-poor, nutrient-rich region characterized by very weak vertical gradients in conserva-
tive temperature. Argo data show that the SSL has been warming and (overall) freshening during 2006–
2015. The warming weakens with increasing depth, slightly increasing vertical temperature stratification in
the SSL. Yet resulting SSL volume changes during the period of interest are very small (e.g., order 10 m in
depth) and not well constrained with the available Argo observations. These changes are also difficult to
interpret (e.g., in relation to a southward transport) since information at the boundaries is not available. The
warming within the portion of the SSL shallower than 2000 dbar integrates to �20 TW rate of heat gain,
about 6% of the net ocean heating rate of �350 TW [e.g., Johnson et al., 2016]. The warming also extends
below the 2000-dbar sampling limit of Argo and has been occurring over the past few decades, as mea-
sured by hydrographic data. However, hydrographic data show freshening in the SSL pressure range only
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post-2003. This freshening is stronger in the south tropics and western south subtropics, with positive
trends in salinity in the east of the South Atlantic south of �308S, possibly related to an increased Agulhas
leakage [Beal et al., 2011]. Warming is observed also on potential density surfaces.

The warming in the SSL could be owing to a change in velocities acting in conjunction with lateral gra-
dients; mixing of warmth from above, below, or laterally; or a change in temperature (and salinity) where
the middepth isopycnals outcrop, at higher latitudes. Hence, the causes of the warming are not easy to
diagnose. The one possibility that can be discounted is isopycnal heave, because the vertical temperature
gradients within the SSL are so small. Vertical mixing of anomalously warm waters at the upper boundary of
the SSL, notably AAIW [Schmidtko and Johnson, 2012], or its lower boundary may play a role. However, even
assuming a relatively large vertical mixing coefficient, warming by this mechanism would not be enough alone

Figure 3. Linear trends in (a, c) conservative temperature (8C decade21), and (b, d) absolute salinity (g kg21 decade21) along A16 (Fig. 2)
using (a, b) Argo, and (c, d) repeat hydrographic section data. Vertical dashed lines indicate where the section changes direction. The SSL
boundary (north of the ACC Polar Front) is indicated in black, and bathymetry in gray. X axis is distance along-section from south to north,
with the approximate latitudes indicated in the bottom plot.
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to reproduce the observed temperature trends within SSL (not shown). Also, the SSL is oxygen-poor (Figure
1c), and hydrographic sections do not show an increase in oxygen within the SSL over the past few decades.
Hence, ventilation by increased mixing with AAIW or NADW may not contribute much to the warming.

The average warming rate in the SSL (i.e., order 1022 8C decade21, from Argo) is consistent with anomalous
southward advection of the time mean meridional temperature gradient (i.e., order 1024 8C km21), with a
southward velocity anomaly of order 102 km decade21 (i.e., 1021 mm s21). This diagnosis would imply
changes in the AMOC transport on the order of 1 Sv (106 m3 s21) either in terms of strength or vertical struc-
ture of the stream function, since the AMOC upper cell transport reverses (from southward to northward)
within the SSL [Marshall and Speer, 2012; Lumpkin and Speer, 2007]. AMOC variability may occur as a result
of changes in winds over the South Atlantic or water mass formation in the North Atlantic [Johnson and
Marshall, 2002]. Yet Johnson and Marshall [2002] show how only low-frequency forcing in either of the
basins affects the AMOC stream function in the other. Sustaining the SAMBA array [Ansorge et al., 2014]
over time will provide unprecedented observations to relate future changes in the SSL to AMOC variability.

Finally, because the vertical gradient of absolute salinity is large within the SSL, freshening within the SSL
could be a result of isopycnal heave. The average freshening rate on pressure surfaces in the SSL (i.e., order
1023 g kg21 decade21, from Argo) is consistent with anomalous downward advection of the time mean
vertical SA gradient (i.e., order 1024 g kg21 m21), with a downward vertical velocity anomaly of order 10 m
decade21. This estimate is based solely on the observed salinity tendency and may be biased low, since the
anomalous meridional advection of the time mean meridional gradient would tend to increase salinity.

The Argo array provides an unprecedented database to study changes in ocean heat and freshwater con-
tent and distribution especially in the SH. Also, volume-averaged property changes, or water-mass changes,

Figure 4. (a–f) Linear trends in (a, c, d, f) conservative temperature (8C decade21), and (b, e) absolute salinity (g kg21 decade21) averaged along the A16 section. Trends from Argo during
2006 to 2015 (red). Trends from hydrographic data (a–c) using all the profiles available (from 1989 to 2014) and (d–f) only post-2003 data (black). Dashed lines indicate errorbars. The y
axis is (a, b, d, e) pressure or (c, f) potential density. (g, h) H – SA diagrams averaged along the A10 section, from hydrographic (black, for 1993) and Argo (red, for 2006–2015) data on
(g) pressure and (h) potential density surfaces. Errorbars are also shown. Gray lines in (g) represent different isopycnals.
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can be used to infer variations that are difficult to detect with velocity measurements. Yet the core Argo
array is limited to the upper 2000 m. While repeat hydrographic sections will continue to be a cornerstone
of the deep ocean observing system, providing reference temperature and salinity data as well as biogeo-
chemical data with synoptic eddy-resolving sampling at decadal intervals [Talley et al., 2016], the implemen-
tation of a deep Argo array [Johnson et al., 2015] will allow better-sampled assessments of water-property
changes below the sampling depth of Argo on shorter than decadal time scales, which will become increas-
ingly important as the deep ocean is increasingly impacted by climate change [Gleckler et al., 2016].
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